Introduction
Spinal and bulbar muscular atrophy (SBMA), or Kennedy's disease, is a hereditary neurodegenerative disease resulting from a loss of bulbar and spinal motor neurons (Kennedy et al., 1968; Sobue et al., 1989) . Patients present with muscle atrophy and weakness of proximal limbs associated with bulbar palsy, tongue atrophy and contraction fasciculation . The disease affects exclusively adult males, whereas females carrying the mutant androgen receptor (AR) are seldom symptomatic (Schmidt et al., 2002) . The molecular basis of SBMA is an expansion of a trinucleotide CAG repeat, which encodes the polyglutamine tract in the first exon of the AR gene (La Spada et al., 1991) . This type of mutation has also been found to cause a variety of neurodegenerative disorders, termed polyglutamine diseases, such as Huntington's disease (HD), several forms of spinocerebellar ataxia, and dentatorubral pallidoluysian atrophy (Gatchel and Zoghbi, 2005) . Although expression of the causative gene in each of these diseases is ubiquitous, selective neuronal cell death is observed in disease-specific areas of the CNS, suggesting a common molecular basis for these polyglutamine diseases.
Nuclear accumulation of pathogenic protein containing elongated polyglutamine is a crucial step in the pathophysiology of these diseases, providing an important therapeutic target Banno et al., 2006) . The aberrant polyglutamine protein has a propensity to form aggregates in the nucleus and inhibits the function of transcriptional factors and coactivators, resulting in transcriptional perturbation (Cha, 2000; Gatchel and Zoghbi, 2005) . In support of this hypothesis, altered expression of a variety of genes has been demonstrated in transgenic mouse models of polyglutamine diseases (Sugars and Rubinsztein, 2003) . Although polyglutamine-induced transcriptional dysregulation is likely to be central to the pathogenesis of polyglutamine diseases, it has yet to be elucidated which genes are responsible for the selective neurodegeneration (Gatchel and Zoghbi, 2005) .
No treatments have been established for polyglutamine diseases, but the androgen blockade therapy, surgical or medical castration, has shown striking therapeutic effects in the SBMA transgenic mouse model (Katsuno et al., 2002 ChevalierLarsen et al., 2004) . Androgen deprivation strongly inhibits the ligand-dependent nuclear accumulation of pathogenic AR protein, resulting in a striking improvement in neurological and histopathological findings of male mice.
In the present study, we investigated the molecular pathophysiology of motor neuron dysfunction in a transgenic mouse model of SBMA. Polyglutamine-induced transcriptional dysregulation of the dynactin p150 subunit (dynactin 1), an axonal motor-associated protein, resulted in perturbation of retrograde axonal transport in spinal motor neurons in the early stage of the disease. These processes were reversed by castration, which inhibits nuclear accumulation of pathogenic AR. A defect in axonal trafficking of neurofilaments and synaptic vesicles, the potential molecular basis for the reversible pathogenesis, appears to contribute to the initiation of symptoms, and may account for the selective degeneration of motor neurons in SBMA.
Materials and Methods
Generation and maintenance of transgenic mouse. AR-24Q and AR-97Q mice were generated as described previously (Katsuno et al., 2002) . Briefly, the full-length human AR fragment harboring 24 or 97 CAGs was subcloned into the HindIII site of the pCAGGS vector (Niwa et al., 1991) and microinjected into BDF1-fertilized eggs. Five founders with AR-97Q were obtained. These mouse lines were maintained by backcrossing them to C57BL/6J mice. All symptomatic lines (2-6, 4 -6, and 7-8) were examined in the present study. All animal experiments were approved by the Animal Care Committee of the Nagoya University Graduate School of Medicine. Mice were given sterile water ad libitum. In the experiments where it was called for, sodium butyrate [a histone deacetylase (HDAC) inhibitor] was administered at a concentration of 4 g/L in distilled water from 5 weeks of age until the end of the analysis, as described previously (Minamiyama et al., 2004) .
Neurological testing and castration after onset. Mice were subjected to the Rotarod task (Economex Rotarod; Colombus Instruments, Columbus, OH), and cage activity was measured (AB system; Neuroscience, Tokyo, Japan) as described previously (Katsuno et al., 2002) . Gait stride was measured in 50 cm of footsteps, and the maximum value was recorded for each mouse. The onset of motor impairment was determined using weekly rotarod task analyses. Male AR-97Q mice were castrated or sham-operated via the abdominal route under ketamine-xylazine anesthesia (50 mg/kg ketamine and 10 mg/kg xylazine, i.p.) within 1 week after the onset of rotarod impairment.
Immunohistochemistry and immunofluorescent analysis. Tenmicrometer-thick sections were prepared from paraffin-embedded tissues, and immunohistochemistry was performed as described previously (Katsuno et al., 2002) . Formalin-fixed tail samples were washed with 70% ethanol and decalcified with 7% formic acid-70% ethanol for 7 d before embedding in paraffin. Sections to be immunostained for dynactin 1, dynein intermediate chain, dynein heavy chain, and dynamitin were first microwaved for 20 min in 50 mM citrate buffer, pH 6.0. Sections to be immunostained for polyglutamine (1C2 antibody) were treated with formic acid for 5 min at room temperature. The following primary antibodies were used: anti-dynactin 1 (p150 glued , 1:250; BD Transduction, San Diego, CA), anti-dynein intermediate chain (1:500; Millipore, Temecula, CA), anti-dynein heavy chain (1:100; SigmaAldrich, St. Louis, MO), anti-dynamitin (1:1000; BD Transduction), anti-polyglutamine, 1C2 (1:10,000; Millipore), antiphosphorylated high molecular weight neurofilament (NF-H) (SMI31, 1:1000; Sternberger Monoclonals, Lutherville, MD), anti-nonphosphorylated NF-H (SMI32, 1:5000; Sternberger Monoclonals), and anti-synaptophysin (1:10,000; Dako, Glostrup, Denmark).
For immunofluorescent analysis of skeletal muscle, mice were deeply anesthetized with ketamine-xylazine and perfused with PBS followed by 4% paraformaldehyde fixative in phosphate buffer, pH 7.4. Gastrocnemius muscles were dissected free, frozen quickly by immersion in cooled acetone and powdered CO 2 . Longitudinal, 30 m, cryostat sections were placed on a silane-coated slide in a drop of 3% disodium EDTA, air dried at room temperature, and fixed in methanol/acetone (50:50 v/v). After blocking with PBS containing 5% goat serum and 1% BSA for 30 min at room temperature, sections were incubated with 5 g/ml Oregon greenconjugated ␣-bungarotoxin (Invitrogen, Eugene, OR) for 60 min at room temperature. Sections were incubated with antiphosphorylated NF-H (SMI31, 1:5000; Sternberger Monoclonals), anti-synaptophysin (1:50,000; Dako), or anti-Rab3A (1:5000; BD Transduction) antibodies at 4°C overnight, and then with Alexa-546-conjugated goat anti-mouse IgG (1:1000; Invitrogen). Sections were examined with an IX71 inverted microscope (Olympus, Tokyo, Japan). For double staining of the skeletal muscle, paraffin-embedded sections were treated with TNB blocking buffer (PerkinElmer, Boston, MA) and incubated with anti-AR antibody (N-20, 1:500; Santa Cruz Biotechnology, Santa Cruz, CA) together with antiphospho-NF-H.
For immunostaining of human tissues, autopsy specimens of lumbar spinal cord and intercostal muscle obtained from a genetically diagnosed SBMA patient (78-year-old male) and those from a neurologically normal patient (75 years old) were used. The collection of tissues and their use for this study were approved by the Ethics Committee of Nagoya University Graduate School of Medicine. Spinal cord sections at 10 m were incubated with anti-dynactin 1 antibody (p150 glued , 1:250; BD Transduction). Thirty-micrometer-thick cryostat sections of intercostal muscle were incubated with 150 g/ml Alexa-488-conjugated ␣-bungarotoxin (Invitrogen) and then with antiphosphorylated NF-H (SMI31, 1:200; Sternberger Monoclonals).
Retrograde Fluoro-gold neurotracer labeling. For labeling neurons with intramuscular injection of tracer, mice were anesthetized with ketaminexylazine, and a small incision was made in the skin of the left calf to expose the gastrocnemius muscle. A total volume of 4.5 l of 2.5% Fluoro-gold solution (Biotium, Hayward, CA) in PBS was injected in three different parts of the muscle (proximal, middle, and distal) using a 10 l Hamilton syringe. For labeling by the nerve stump method, the sciatic nerve was exposed and transected at mid-thigh level. A small polyethylene tube containing 2.5% Fluoro-gold solution was applied to the proximal stump of the cut sciatic nerve, and sealed with Vaseline to prevent leakage. Mice were anesthetized 44 h after Fluoro-gold administration with ketamine-xylazine and perfused with PBS followed by 4% paraformaldehyde in phosphate buffer, pH 7.4. Spinal cords were removed and postfixed with 4% paraformaldehyde in phosphate buffer for 2 h, floated in 10 and 15% sucrose for 4 h each and in 20% sucrose overnight. The samples were sectioned longitudinally on a cryostat at 30 m and mounted on silane-coated slides. The number of Fluoro-gold labeled motor neurons was counted in serial spinal cord sections with an IX71 inverted microscope (Olympus) using a wide-band UV filter. Some specimens were immunostained for dynactin immediately after the number of Fluoro-gold-labeled motor neurons was counted.
Western blot analysis. SH-SY5Y cells were lysed in CellLytic lysis buffer (Sigma-Aldrich) containing a protease inhibitor mixture (Roche, Mannheim, Germany) 2 d after transfection. Mice were killed under ketaminexylazine anesthesia. Their tissues were snap-frozen with powdered CO 2 in acetone and homogenized in 50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, and 1 mM 2-mercaptoethanol containing 1 mM PMSF and 6 g/ml aprotinine and then centrifuged at 2500 ϫ g for 15 min at 4°C. The supernatant fractions were separated on 5-20% SDS-PAGE gels (10 g protein for the nerve roots or 40 g for the spinal cord, per lane) and then transferred to Hybond-P membranes (Amersham Pharmacia Biotech, Buckinghamshire, UK), using 25 mM Tris, 192 mM glycine, 0.1% SDS, and 10% methanol as transfer buffer. Immunoblotting was performed using the following primary antibodies: anti-dynactin 1 (p150 glued , 1:250; BD Transduction), anti-dynein intermediate chain (1:1000; Millipore), anti-dynein heavy chain (1:200; Sigma-Aldrich), anti-dynamitin (1:250; BD Transduction), anti-␣-tubulin (1:5000; Sigma-Aldrich), antiphosphorylated NF-H (SMI31, 1:100,000; Sternberger Monoclonals), and anti-nonphosphorylated NF-H (SMI32, 1:1000; Sternberger Monoclonals). The immunoblots were digitalized (LAS-3000 imaging system; Fujifilm, Tokyo, Japan), signal intensities of three independent blots were quantified with Image Gauge software version 4.22 (Fujifilm), and the means Ϯ SD were expressed in arbitrary units.
Ligation of mouse sciatic nerve. Under anesthesia with ketamine-xylazine, the skin of the right lower limb was incised. The right sciatic nerve was exposed and ligated at mid-thigh level using surgical thread. For immunofluorescent analysis, operated mice were decapitated under deep anesthesia with ketamine-xylazine 8 h after ligation and perfused with 4% paraformaldehyde fixative in phosphate buffer, pH 7.4. The right sciatic nerve segment, including at least 5 mm both proximal and distal to the ligated site, was removed. The nonligated, left sciatic nerve was also taken out in the same manner as the right nerve. The removed nerves were placed into fixative for 4 h, transferred consecutively to 10, 15, and 20% sucrose in 0.01 M PBS, pH 7.4, for 4 h each at 4°C, mounted in Tissue-Tek OCT compound (Sakura, Tokyo, Japan), and frozen with powdered CO 2 in acetone. Ten-micrometer-thick cryostat sections were prepared from the frozen tissues, blocked with normal goat serum (1:20), incubated with anti-synaptophysin (1:50,000; Dako) at 4°C overnight, and then with Alexa-546-conjugated goat anti-mouse IgG (1:1000; Invitrogen). Immunofluorescent images were recorded with an IX71 inverted microscope (Olympus), and the signal intensities were quantified using Image Gauge software, version 4.22 (Fujifilm) and expressed in arbitrary units.
For immunoblotting of axonal proteins, the sciatic nerve segments 1 mm both proximal and distal to the ligated site were removed without paraformaldehyde fixation, and frozen in with powdered CO 2 in acetone. Protein extraction and Western blotting were performed as described above.
In situ hybridization. Formalin-fixed, paraffin-embedded 6-m-thick sections of the spinal cord were deparaffinized, treated with proteinase K, and processed for in situ hybridization using an ISHR kit (Nippon Gene, Tokyo, Japan) according to the manufacturer's instructions. Dynactin 1 cDNA was obtained from spinal cords of wild-type mice. The primers, 5Ј-AGATGGTGGAGATGCTGACC-3Ј and 5Ј-GAGCCTTGGTCT-CAGCAAAC-3Ј, were phosphorylated with T4polynucleotide kinase (Stratagene Cloning Systems, La Jolla, CA). The cDNA was inserted into the pSPT 19 vector (Roche). Dioxigenin-labeled cRNA antisense and sense probes, 380 bp long, were generated from this plasmid using T7 and SP6 polymerase (Roche), respectively. Spinal cord sections were hybridized for 16 h at 42°C washed in formamide-4ϫ SSC (50:50 v/v) at the same temperature, treated with RNase A at 37°C, and washed again in 0.1ϫ SSC at 42°C. The signals were detected immunologically with alkaline phosphatase-conjugated anti-dioxigenin antibody and incubated with NBT/BCIP (Roche) for 16 h at 42°C. Slices were counterstained with methyl green. To quantify the intensity of the signals in the cell bodies of spinal motor neurons, three nonconsecutive sections from a wild-type littermate and those of a transgenic mouse from lines 7-8 or 4 -6 were analyzed using the NIH Image program (version 1.62). Sections adjacent to those used for in situ hybridization were processed for immunohistochemistry using anti-polyglutamine antibody as described above.
Quantitative real-time PCR. Dynactin 1 mRNA levels were determined by real-time PCR as described before (Ishigaki et al., 2002; Ando et al., 2003) . Briefly, total RNA (5 g each) from AR-97Q and wild-type spinal cord were reverse transcribed into first-strand cDNA using SuperScript II reverse transcriptase (Invitrogen). Real-time PCR was performed in a total volume of 50 l, containing 25 l of 2ϫ QuantiTect SYBR Green PCR Master Mix and 0.4 M of each primer (Qiagen, Valencia, CA), and the product was detected by the iCycler system (Bio-Rad Laboratories, Hercules, CA). The reaction conditions were 95°C for 15 min and then 45 cycles of 15 s at 95°C followed by 60 s at 55°C. For an internal standard control, the expression level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was simultaneously quantified. The following primers used were 5Ј-CTCAGAGGAGCCCAGATGA-3Ј and 5Ј-GCTGGTCTTG-CGGTACAGT-3Ј for dynactin 1, 5Ј-GAGAGCATGGAGCTGGTGTA-3Ј and 5Ј-CCAACCACGAAGTTGTTGAC-3Ј for dynein intermediate chain, 5Ј-TACCAGGTGGGAGTGCATTA-3Ј and 5Ј-CAGTCACTATGCCCA-TGACC-3Ј for dynein heavy chain, 5Ј-ACAAGCGTGGAACACATCAT-3Ј and 5Ј-TCTTTCCAATGCGATCTGAG-3Ј for dynamitin, and 5Ј-CCTG-GAGAAACCTGCCAAGTAT-3Ј and 5Ј-TGAAGTCGCAGGAGACA-ACCT-3Ј for GAPDH. The threshold cycle of each gene was determined as the number of PCR cycles at which the increase in reporter fluorescence was 10 times the baseline signal. The weight of the gene contained in each sample was equal to the log of the starting quantity and the standardized expression level in each mouse was equal to the weight ratio of each gene to that of GAPDH.
For the real-time PCR with mRNA extracted from SH-SY5Y cells, the following primers were used: 5Ј-CTTGGAAGCGATGAATGAGA-3Ј and 5Ј-TAGTCTGCAACGTCTCCTG-3Ј for dynactin 1, and 5Ј-AGCCT-CAAGATCATCAGCAAT-3Ј and 5Ј-GGACTGTGGTCATGAGTCCTT-3Ј for GAPDH.
Plasmid vectors and cell culture. Human AR cDNAs containing 24 or 97 CAG repeats were subcloned into pcDNA3.1 (Invitrogen) as described previously (Kobayashi et al., 2000) . Human dynactin 1 cDNA was also subcloned into pcDNA3.1 (Invitrogen). The human neuroblastoma cells (SH-SY5Y, #CRL-2266; American Type Culture Collection, Manassas, VA) were plated in 6-well dishes in 2 ml of DMEM/F12 containing 10% fetal bovine serum with penicillin and streptomycin, and each dish was transfected with 2 g of the vector containing AR24, AR97, or mock and with 2 g of the vector containing dynactin 1 or mock using Opti-MEM (Invitrogen) and Lipofectamine 2000 (Invitrogen) and then differentiated in differentiation medium (DMEM/F12 supplemented with 5% fetal calf serum and 10 M retinoic acid) for 2 d. Two days after transfection, cells were stained with propidium iodide (Invitrogen, Eugene, OR) and mounted in Gelvatol. Quantitative analyses were made from triplicate determinations. Duplicate slides were graded blindly in two independent trials as described previously .
Statistical analyses. We analyzed data using the Kaplan-Meier and logrank test for survival rate, ANOVA with post hoc test (Dunnett) for multiple comparisons, and an unpaired t test from Statview software version 5 (Hulinks, Tokyo, Japan).
Results

Accumulation of axonal proteins in distal motor axons of SBMA mouse
To clarify the molecular basis of neuronal dysfunction in SBMA, we analyzed histopathological alterations in the spinal cords of transgenic mice carrying full-length human AR with 97 CAGs (AR-97Q mice) (Katsuno et al., 2002 . We first focused on the expression and phosphorylation level of NF-H because affected mice demonstrate axonal atrophy in the ventral nerve root (Katsuno et al., 2002) . Although it has been widely accepted that NF-H phosphorylation is a crucial factor determining axon caliber, neither the amounts nor the phosphorylation levels of NF-H in spinal cord or ventral root were decreased in male AR-97Q mice compared with wild-type littermates (supplemental Fig.  1 A-C, available at www.jneurosci.org as supplemental material). The distribution of NF-H in the anterior horn of AR-97Q mice was also indistinguishable from that of wild-type or AR-24Q mice bearing human AR with a normal polyglutamine length (Fig. 1 A) . However, AR-97Q mice demonstrated a striking accumulation of both phosphorylated and nonphosphorylated NF-H in skeletal muscle, a phenomenon not observed in AR-24Q or wild-types (Fig. 1 A) . Although motor neurons originating in the anterior horn are always affected in SBMA, because the primary motor neurons projecting their axons to the anterior horn are not affected, no accumulation is seen in this region. The damage to motor neurons originating within the anterior horn results in accumulation of NFs in the skeletal muscle, instead of the spinal cord. A similar accumulation of the middle molecular weight NF was also observed (data not shown). To clarify whether this phenomenon is specific to neurofilaments, we performed immunohistochemistry on both spinal cord and muscle with an antibody against synaptophysin, a transmembrane glycoprotein of synaptic vesicles that is also retrogradely transported in axons (Li et al., 1995) . In AR-97Q mice, synaptophysin accumulated among the muscle fibers in a pattern similar to that of NF-H, whereas no such accumulation was observed in unaffected mice (Fig. 1 B) .
We then investigated the time course of abnormally accumulated NF in skeletal muscle. Because the onset of motor dysfunction occurs at 9 -10 weeks in AR-97Q mice, NF pathology before and after the onset was examined. Anti-NF immunostaining demonstrated that intramuscular NF accumulation was detectable as early as 7 weeks before the onset of muscle weakness in this mouse model, and aggravated thereafter (Fig. 1C) . These observations suggest that intramuscular accumulation of NF plays a role in the motor neuron dysfunction in this mouse model of SBMA.
To confirm the distribution of NF-H and synaptophysin in skeletal muscle, we examined the localization of these proteins in relation to the neuromuscular junction. Immunohistochemistry using ␣-bungarotoxin to mark the junctions, and fluorescent-labeled antibodies showed that both NF-H and synaptophysin accumulated in the most distal motor axon adjacent to neuromuscular junctions (Fig. 1 D) . A similar intramuscular accumulation of neurofilament was detected in the skeletal muscle of SBMA patients (Fig. 1 E) . Although pathogenic AR accumulated in the nuclei of skeletal muscle in the AR-97Q mice, the accumulation of NF-H did not colocalize with AR ( Fig. 1 F) . Moreover, immunoprecipitation demonstrated no interaction between AR and NF-H (data not shown). These findings exclude the possibility that pathogenic AR directly interrupts the axonal trafficking.
Retrograde axonal transport is disrupted in SBMA mouse
To elucidate the molecular basis of the abnormal distribution of NF and synaptophysin, we studied axonal transport in this mouse model of SBMA. Axonal components undergo anterograde and/or retrograde axonal transport. Proteins including NF and synaptophysin are bidirectionally transported, whereas some components such as Rab3A, a small GTP binding protein, are transported only anterogradely (Li et al., 1995; Roy et al., 2000) . The distribution of Rab3A in skeletal muscle of SBMA mice was equivalent to that of wild-type mice, whereas synaptophysin and neurofilaments accumulated in the most distal motor axons of the SBMA mice only (Figs. 1 D, 2A) .
To further examine the nature of the axonal transport anomaly in SBMA mice, the sciatic nerve was ligated at midthigh level. Because the transport rate of NF is slower than other axonal components, we analyzed the transport of synaptophysin and Rab3A in this ligation study (Fig. 2 B, C) . In wild-type mice, synaptophysin accumulated predominantly on the proximal side of the ligation, but also on the distal side. Although synaptophysin and Rab3A accumulations proximal to the site of ligation were notable in both preonset and advanced stages of AR-97Q mice, their accumulation on the distal side was decreased before the onset of symptoms and was progressively inhibited. These findings suggest that disrupted retrograde axonal transport gives rise to the accumulation of axonal proteins in the distal motor axon terminals of SBMA mice before the onset of motor impairment.
To confirm this hypothesis, we analyzed retrograde neuronal labeling with the fluorescent tracer Fluoro-gold after its injection into the mouse calf muscle. The number of Fluoro-gold-labeled spinal motor neurons was significantly less in affected AR-97Q mice compared with AR-24Q or wild-type mice (Fig. 2 D, E) . To exclude the possibility that synaptic pathology contributed to diminished uptake of the tracer, we also examined Fluoro-gold labeling using direct application of the tracer into the sciatic nerve stump (Sagot et al., 1998) . Again, AR-97Q mice showed fewer motor neurons labeled by Fluoro-gold applied directly to the proximal stump of the sciatic nerve than did the AR-24Q mice (Fig. 2 F) , suggesting that neither synaptic retraction nor disconnection is the basis for disruption of axonal transport. Furthermore, it should be noted that the decrease in the number of labeled neurons preceded the onset of motor symptoms in both of these experiments. These observations suggest that the disruption of retrograde transport plays an early role in the pathogenesis of motor neuron degeneration in SBMA.
Transcriptional dysregulation of dynactin 1 in SBMA
Retrograde axonal transport is microtubule-dependent and is regulated by the axon motor protein dynein and its associated protein complex, dynactin. To elucidate the molecular Figure 2 . Perturbation of retrograde axonal transport in SBMA mice. A, Immunofluorescence of mouse skeletal muscle using ␣-bungarotoxin (green) labeling the endplate together with anti-synaptophysin antibody (red) or anti-Rab3A antibody (red). Accumulation of Rab3A is not detected in wild-type or AR-97Q mice (7-8, 12 weeks). B, Immunohistochemistry for synaptophysin in the sciatic nerve 8 h after ligation and representative quantification of immunoreactivity. Accumulation of synaptophysin immunoreactivity is decreased on the distal side (arrows) of the ligation site (arrowhead) in preonset (7 weeks) and advanced stage (13 weeks) AR-97Q mice. C, Immunoblots of the sciatic nerve segments on both proximal and distal sides of the ligation. The total amount of proteins extracted from the contralateral nonligated sciatic nerve was analyzed as a control. D, E, Retrograde labeling of lumbar motor neurons of AR-97Q (7-8), AR-24Q, or wild-type mice (12 weeks) by Fluoro-gold injection into the gastrocnemius muscle (D) and the number of labeled neurons (E) (n ϭ 5 for each group). F, The number of motor neurons labeled by Fluoro-gold using the sciatic nerve stump method (n ϭ 5 for each group). Scale bars: A, B, D, 100 m. Error bars indicate SD.
mechanism compromising retrograde axonal transport in SBMA mice, we examined the levels of various dynein and dynactin protein subunits. Immunohistochemistry of spinal cord sections demonstrated that the spinal motor neurons from AR-97Q mice had lower levels of dynactin 1, the largest subunit of dynactin, than did those from either wild-type or AR-24Q mice (Fig. 3A) . In the ventral root, significantly decreased levels of dynactin 1 were apparent before the onset of motor symptoms (Fig. 3B) . Although the level of dynein heavy chain was diminished in the advanced disease stage in SBMA mice, this phenomenon was not observed before the onset of symptoms (Fig. 3B) . No alterations were observed in the levels of dynein intermediate chain or dynamitin, the p50 subunit of dynactin, throughout the disease course (Fig. 3 A, B) . To confirm the role of dynactin 1 in the pathogenesis of human SBMA, we also examined the protein level in autopsy specimens. As observed in the mouse model, the protein level of dynactin 1 was decreased in the anterior horn cells and in the ventral roots of SBMA patients (Fig. 3C) .
To examine the cell specificity of reduced dynactin 1 levels we compared anti-dynactin 1 immunohistochemistry with that of anti-polyglutamine using the 1C2 antibody in various tissues from wild-type and AR-97Q mice (Fig, 3D) . The immunoreactivity of dynactin 1 was markedly diminished in 1C2-positive tissues, but not in those lacking nuclear polyglutamine staining. This observation suggests that the reduction in dynactin 1 is relevant to the polyglutamine-mediated neuropathology. In addition, to investigate whether reduced levels of dynactin 1 were correlated with defective retrograde axonal transport, we analyzed anti-dynactin 1 immunohistochemistry in spinal cord sections labeled by Fluoro-gold (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). The levels of dynactin 1 were decreased in the spinal motor neurons of AR-97Q mice concomitantly with decreased intensities of Fluoro-gold labeling. Together, these data strongly suggest that depletion of dynactin 1 is responsible for the disruption of retrograde axonal transport in SBMA.
To clarify the pathological mechanism responsible for reduc- ing the levels of dynactin 1 protein in SBMA, mRNA levels were determined by in situ hybridization in AR-97Q and wildtype mice. Although dynactin 1 mRNA was expressed in virtually all motor neurons in the anterior horn, the expression was markedly repressed in AR-97Q mice (Fig. 4 A) . Moreover, the levels of dynactin 1 mRNA were significantly lower in those motor neurons demonstrating nuclear accumulation of pathogenic AR compared with those without 1C2 nuclear staining (Fig. 4 B) . Real-time quantitative PCR also demonstrated a significant decrease in dynactin 1 mRNA levels in the spinal cords of AR-97Q mice at all disease stages compared with those of wild-types (Fig. 4C) . The level of dynein heavy chain mRNA was decreased in the advanced stage, but not in the preonset period. The levels of dynein intermediate chain mRNA and dynamitin mRNA were not altered either before or after the onset of motor symptoms.
To investigate the role that diminished levels of dynactin 1 play in neurodegeneration in SBMA, we tested whether overexpression of this protein suppressed the cellular toxicity usually observed in the presence of expanded polyglutamine. In SH-SY5Y cells bearing truncated AR containing an expanded polyglutamine, the level of dynactin 1 was decreased both in mRNA and in protein (Fig. 4 D, E) . In this cellular model of SBMA, overexpression of dynactin 1 alleviated cell death exerted by pathogenic AR (Fig. 4 E) . In SBMA mice, the level of dynactin 1 protein in spinal motor neurons was restored by oral administration of sodium butyrate, an HDAC inhibitor that increases the level of histone acetylation leading to promotion of gene transcription (supplemental Fig. 3 , available at www. jneurosci.org as supplemental material) (Minamiyama et al., 2004) . Sodium butyrate-mediated upregulation of dynactin 1 also eventually alleviated the neurofilament accumulation in skeletal muscle (supplemental Fig. 3 , available at www.jneurosci.org as supplemental material), although this treatment had no influence on the subcellular distribution of pathogenic AR protein (Minamiyama et al., 2004) . These observations indicate that nuclear accumulation of aberrant AR in the nuclei of motor neurons leads to a decrease at the transcription level of dynactin 1, resulting in perturbation of retrograde axonal transport and subsequent motor neuron dysfunction.
Castration reverses symptoms and pathology of SBMA mouse
To examine the reversibility of the phenotypes resulting from polyglutamine-induced neuronal dysfunction, we investigated the effect of castration on early symptomatic SBMA mice. Male AR-97Q mice (7-8 and 4 -6) demonstrate a rapid aggravation of neuromuscular phenotypes and usually succumb 3-4 weeks after the onset of motor impairment. The motor-impaired phenotype of the SBMA mouse is dependent on circulating testosterone levels, and we reported previously that castration during the presymptomatic period (4 weeks), to eliminate testosterone, drastically prevents the development of neurological symptoms such as weakness, amyotrophy, and shortened life span (Katsuno et al., 2002) . In the present study, we castrated male AR-97Q mice within 1 week after the onset of rotarod task impairment. Castration reversed motor dysfunction in AR-97Q mice, even though it was performed after the onset of symptoms (Fig. 5A) . Most mice showed a reduction in daily activity and body weight loss at the onset of rotarod task defect; these symptoms were also reversed by castration. In accordance with these observations, Figure 4 . Transcriptional dysregulation of dynactin 1 in spinal motor neurons of SBMA mouse and effects of dynactin 1 overexpression. A, In situ hybridization of dynactin 1 mRNA in the anterior horn of wild-type and AR-97 (4 -6, 9 weeks) transgenic mice. Note the marked decrease in dynactin 1 mRNA levels in the spinal motor neurons of AR-97Q compared with those in wild-type mice. B, In situ hybridization of dynactin 1 in the anterior horn. The adjacent sections were processed for antipolyglutamine using the 1C2 antibody and the signals were quantified in representative AR-97Q mice (7-8, 9 weeks; 4 -6, 10 weeks). Dynactin 1 mRNA expression is markedly decreased in the motor neurons demonstrating nuclear accumulation of pathogenic AR (arrows), but not in those lacking clear nuclear staining with anti-polyglutamine antibody (asterisks). The number above each bar indicates cell count. C, The mRNA levels of dynactin 1 and other motor proteins in the spinal cords of wild-type and AR-97Q mice (7-8, 13 weeks) (n ϭ 4 for each group) demonstrated by real-time, RT-PCR. Data shown are ratios of the various mRNA levels to GAPDH mRNA levels. D, The mRNA levels of dynactin 1 in SH-SY5Y cells expressing either AR-24Q or AR-97Q (n ϭ 4). E, Immunoblots of SH-SY5Y cells expressing either AR-24Q or AR-97Q with or without overexpression of exogenous dynactin 1. F, Frequency of cell death detected by propidium iodide staining. Dynactin 1 overexpression significantly reduced cell death in the cells bearing AR with elongated polyglutamine. Scale bars: A, B, 100 m. Error bars indicate SD (n ϭ 6 for each group). IC, Intermediate chain; HC, heavy chain. postonset castration significantly prolonged the life span of the male AR-97Q mice. We confirmed the reversal of motor symptoms by analyzing gait strides in a series of mouse footsteps (Fig. 5B) .
To confirm the rescue effects of castration on histopathology, we investigated the nuclear accumulation of pathogenic AR in the skeletal muscle of tail sections sampled over time from the same mouse. Although the number of nuclei positively stained with 1C2 continued to increase for 2 weeks after the castration, at 4 weeks there was a significant decrease in expanded polyglutamine AR-positive nuclei (Fig. 5C,D) . This time course corresponds approximately to the that of the symptomatic improvements, suggesting that nuclear accumulation of pathologic AR contributes to neuronal dysfunction and consequent symptomatic manifestation in SBMA mice.
Castration reverses dynactin 1 expression and restores retrograde axonal transport
It is important to determine whether disrupted retrograde axonal transport resulting from transcriptional dysregulation of dynactin 1, contributes to the reversible motor neuronal dysfunction in the early disease stage of SBMA mice. We therefore investigated axonal transport and the level of dynactin 1 expression in transgenic mice within 1 week after the onset of rotarod task impairment. In this early stage of the disease, the mice already demonstrated a reduction in the number of spinal motor neurons labeled by Fluoro-gold (Fig. 6 A) . Castration of symptomatic AR-97Q mice restored Fluoro-gold staining in the spinal motor neurons to a similar level as seen in wild-types (compare Figs. 2 D,  6 A) . Castration after the onset of muscle weakness reduced the intramuscular accumulation of neurofilaments and synaptophysin in AR-97Q mice (Fig. 6 B, C) . Immunohistochemistry of spinal cord showed that postsymptomatic castration also eliminated nuclear accumulation of pathogenic AR as detected by the 1C2 antibody, and restored anti-dynactin 1 immunoreactivity in motor neurons (Fig. 6 D) . Immunoblotting demonstrated that the level of dynactin 1 protein, but not that of dynein heavy chain, was decreased in the ventral root of AR-97Q mice in the early symptomatic stage (Fig. 6 E) . Castration after the onset of motor impairment restored dynactin 1 to its normal levels in the ventral root, whereas it had no effect on dynactin 1 expression in wildtype mice (Fig. 6 E) . These observations indicate that the castration-mediated restoration of dynactin 1 expression improves retrograde axonal transport and contributes to the reversal of neuromuscular phenotypes in SBMA mice at an early stage of the disease process.
Discussion
Reversibility of neuronal dysfunction in SBMA
The fundamental pathological feature of polyglutamine diseases is the loss of neurons in selected regions of the CNS. Neuronal cell death, however, is often undetectable in mildly affected HD pa- Figure 5 . Symptomatic and histopathological reversibility of the SBMA phenotype in AR-97Q mice. A, Castration of early symptomatic AR-97Q mice within 1 week after symptomatic manifestation resulted in significant improvement of the symptomatic phenotypes: rotarod task (7-8), cage activity (4 -6), body weight (4 -6), and survival rate (4 -6). There are significant differences in all parameters between the sham-operated (n ϭ 10) and castrated (n ϭ 10) male AR-97Q mice ( p Ͻ 0.0001, p Ͻ 0.0001, p ϭ 0.0001, and p ϭ 0.0006, respectively). B, Representative footprints of an individual AR-97Q mouse (2-6) at the early onset of motor symptoms and after he had been castrated within 1 week after the onset of rotarod impairment, compared with those of a wild-type mouse. Quantification of the gait stride data (n ϭ 4). C, Nuclear accumulation of pathogenic AR with expanded polyglutamine in the tail muscle of one individual male AR-97Q mouse (4 -6). D, Castration after motor impairment onset significantly reduced the number of nuclei stained by an anti-polyglutamine antibody, 1C2 (n ϭ 4). Scale bar: C, 100 m. Error bars indicate SD.
tients despite the presence of definite clinical features (Vonsattel et al., 1985) . The early HD symptoms may thus result from functional alterations within neurons rather than cell death (Walker et al., 1984) . In mouse models of polyglutamine diseases, it has been postulated that neuronal dysfunction, without cell loss, is sufficient to cause neurological symptoms (Mangiarini et al., 1996; Clark et al., 1997) . These observations indicate that the pathogenesis of polyglutamine diseases is potentially reversible at an early stage. This hypothesis is supported by the observation that arrest of gene expression after the onset of symptoms reverses behavioral and neuropathological abnormalities in conditional mouse models of polyglutamine diseases (Yamamoto et al., 2000; Zu et al., 2004) . The present study supports this hypothesis in that castration after the onset of motor deficit reverses behavioral and histopathological abnormalities by preventing nuclear accumulation of the pathogenic AR protein. These findings imply that cellular protective responses successfully abrogate the toxicity of polyglutamine-containing pathogenic protein, unless it perpetually accumulates in the nucleus.
Protein quality control systems, including molecular chaperones, the ubiquitinproteasome system, and autophagy have been shown to reduce polyglutamine toxicity in various animal models of polyglutamine diseases Ravikumar et al., 2004; Katsuno et al., 2005; Waza et al., 2005) . It is thus logical that inhibition of AR translocation into the nucleus restores the protein degradation machinery, such as ubiquitin-proteasome system, leading to the reduction in the amount of aggregates as well as the improvement of neuronal dysfunction in the SBMA mice .
Defective retrograde axonal transport in SBMA
The SBMA mice we examined demonstrated impairment of retrograde axonal transport, resulting in the accumulation of neurofilaments and synaptophysin in the distal motor axon. Many proteins required for neuronal survival are synthesized within neuronal perikarya and are transported along the axon toward the synaptic terminals (Shea, 2000) . A bidirectional delivery system consisting of anterograde and retrograde transport enables the recycling of cytoskeletons and synaptic vesicle-associated proteins. A histopathological hallmark of amyotrophic lateral sclerosis (ALS) is the accumulation of neurofilaments in cell bodies and proximal axons of affected motor neurons, presumably caused by compromised anterograde axonal transport; nevertheless, this finding has not been observed in SBMA (Sobue et al., 1990; Julien 2001) . Transgenic SBMA mice demonstrate marked neurofilament storage in the distal motor axons, but not in the proximal axons or cell bodies. Neurofilament accumulation at motor endplates has also been reported in a transgenic mouse model of spinal muscular atrophy, another lower motor neuron disease (Cifuentes-Diaz et al., 2002). Axonal transport of NF depends on the dynein/dynactin system, disruption of which results in accumulation of neurofilaments at the distal axon in both cultured cells and transgenic mice (LaMonte et al., 2002; He et al., 2005) . When combined, these findings indicate that the accumulation of axonal components in distal motor axons appears to be a substantial pathology associated with degeneration of lower motor neurons.
In the present study, synaptophysin showed an accumulation pattern similar to that of neurofilaments, whereas the distribution of Rab3A, another synaptic vesicle-associated protein, was not altered in this mouse model. Crush injury experiments have shown that although both proteins are delivered from cell bodies into axons, of the two only synaptophysin undergoes retrograde transport (Li et al., 1995 . In addition, Fluoro-gold labeling experiments clearly demonstrated the disruption of retrograde, but not anterograde axonal transport in the spinal motor neurons of SBMA mice before the onset of muscle weakness. Together, the pathogenesis of motor neuronal dysfunction in SBMA is likely to be based on the perturbation of retrograde axonal transport, and not on an excessive transport of total axonal proteins.
Axonal transport impairment has been implicated in the pathogenesis of HD and SBMA (Gunawardena et al., 2003; Szebenyi et al., 2003) . Although axonal inclusion interferes with axonal transport in a cell model of SBMA (Piccioni et al., 2002) , AR containing expanded polyglutamine may also inhibit anterograde and/or retrograde axonal transport without visible aggregate formation (Szebenyi et al., 2003; Morfini et al., 2006) . Accu- Hormonal intervention restores expression level of dynactin 1 and improves axonal transport. A, Fluoro-gold labeling of spinal cord from early symptomatic (7-8; 9 -11 weeks) and castrated (7-8; 13-16 weeks) male AR-97Q mice (n ϭ 5 for each group). B, Immunohistochemistry of skeletal muscle for NF-H and synaptophysin. C, Immunohistochemistry for phosphorylated NF-H in the tail muscle of an individual male AR-97Q mouse (4 -6). Castration after onset of symptoms depletes NF-H accumulation in the skeletal muscle. D, Immunohistochemistry of the spinal cords of early symptomatic (4 -6; 11 weeks) and castrated (4 -6; 15 weeks) male AR-97Q mice using anti-dynactin 1 and 1C2. Castration eliminated nuclear accumulation of expanded polyglutamine AR. E, Immunoblots of ventral roots from early symptomatic (4 -6; 11 weeks) and castrated (4 -6; 15 weeks) AR-97Q mice together with that from wild-type littermates (15 weeks) using antibodies against dynactin 1, dynein heavy chain (HC), and ␣-tubulin. Scale bars: A-D, 100 m. Error bars indicate SD (n ϭ 3 for each group).
mulation of neurofilaments at nerve terminals has also been documented in a mouse model of HD (Ribchester et al., 2004) . In our SBMA mice, pathogenic AR did not colocalize with accumulated neurofilament, nor did it form axonal inclusions. More intriguingly, sodium butyrate-mediated gene upregulation attenuated the accumulation of neurofilaments, but did not alter the intracellular distribution of AR. These observations suggest that the defective retrograde axonal transport in SBMA mice does not result from the direct interaction between aberrant AR and axonal components, but rather from a secondary mechanism resulting from expanded polyglutamine.
Dynactin in motor neuron disease
The present study indicates that a decrease in the level of dynactin 1, the p150 subunit of dynactin, in affected neurons is a fundamental early event in the pathogenesis of SBMA. Dynactin is a multiprotein complex regulating dynein, a microtubuledependent molecular motor for retrograde axonal transport. A mutation in DCTN1, the gene encoding dynactin 1, has been identified in a family with an autosomal dominant form of lower motor neuron disease and in another with ALS (Puls et al., 2003; Münch et al., 2005) . A gene expression analysis of sporadic ALS patients revealed a significant decrease in dynactin 1 mRNA (Jiang et al., 2005) . Overexpression of dynamitin dissociates the dynactin complex, resulting in late-onset motor neuron degeneration in a transgenic mouse model of motor neuron disease (LaMonte et al., 2002) . These observations specifically link an impaired dynactin function to the pathogenesis of motor neuron diseases.
The pathological alteration in individual polyglutamine diseases is limited to distinct subsets of neurons, suggesting that the causative protein context influences the distribution of lesions. Motor neurons are selectively affected in SBMA, although pathogenic ARs are expressed in a wide range of neuronal and nonneuronal tissues (Doyu et al., 1994) . A decreased level of dynactin 1 may contribute to this pathological selectivity, because a mutation in the DCTN1 gene causes a lower motor neuron disease resembling SBMA (Puls et al., 2003 (Puls et al., , 2005 .
Link between altered transcription and neuronal dysfunction
Numerous studies have shown that nuclear accumulation of pathogenic polyglutamine-proteins is essential for neurodegeneration, although cytoplasmic events may also contribute to the pathogenesis (Gatchel and Zoghbi, 2005) . Polyglutamine aggregation sequesters a variety of fundamental cellular factors including heat shock proteins and proteasomal components as well as transcriptional factors and coactivators. cAMP response elementbinding protein-binding protein (CBP), a transcriptional coactivator, colocalizes with intranuclear inclusions in SBMA patients as well as in transgenic SBMA mice (McCampbell et al., 2000; Nucifora et al., 2001 ). In addition to its sequestration in inclusion bodies, the histone acetyltransferase activity of CBP is also inhibited by soluble polyglutamine-protein (Steffan et al., 2001 ). This theory suggests that HDAC inhibitors, which upregulate transcription through acetylation of nuclear histone, may open new avenues in the development of therapeutics. In a fly model of HD, the HDAC inhibitors, sodium butyrate and suberoylanilide hydroxamic acid, increased histone acetylation, leading to the mitigation of neurodegeneration (Steffan et al., 2001) . These compounds also improve motor dysfunction in mouse models of HD and SBMA (Hockly et al., 2003; Minamiyama et al., 2004) .
In the present study, a reduction in the level of dynactin 1 protein is ascribed to polyglutamine-mediated transcriptional dysregulation, because the mRNA level of this protein is decreased in expanded polyglutamine AR-positive spinal motor neurons. It should be noted that this diminution was significant in the neurons demonstrating nuclear accumulation of pathogenic AR, implying that polyglutamine-induced transcriptional perturbation underlies this pathological process. This hypothesis is confirmed by the observation that administration of sodium butyrate, an HDAC inhibitor, restores dynactin 1 expression, resulting in elimination of neurofilament accumulation at distal motor axons. Although, because of the nonspecific nature of sodium butyrate, we cannot at this time rule out the possibility that expression of some other protein was also elevated, leading to the elimination of neurofilament accumulation.
Given that the expression of other axon motor proteins regulating retrograde axonal transport, such as dynein intermediate chain, dynein heavy chain and dynamitin are not altered before the onset of symptoms, the reduction in dynactin 1 appears to instigate the neurodegeneration in SBMA. In addition to our study, the selective perturbation of certain subsets of gene transcription has been demonstrated in other animal models of polyglutamine diseases (Sugars and Rubinsztein 2003; Sopher et al., 2004) , although the precise mechanism has yet to be elucidated.
In summary, the present study demonstrates that the pathogenesis of SBMA is a reversible dysfunction of motor neurons that occurs in the early stages of the disease. Polyglutamineinduced transcriptional alteration of dynactin 1 appears to disrupt retrograde axonal transport, contributing to the early reversible neuronal dysfunction. These observations suggest that transcriptional alteration and subsequent involvement of retrograde axonal transport are substantial therapeutic targets for SBMA.
